This paper presents a new concurrent control structure for a novel non-isolated triple-output converter with energy storage utilizing a time-sharing switching technique. The proposed structure and control feature single-stage power conversion for a DC input, energy storage, and three output ports while reducing the number of switching elements. To employ fewer switches and to have a continuous battery current, a new time-sharing switching method is proposed for two switches in the converter. Based on the proposed control method, the two switches can manage the main inductor current and a battery current concurrently, which in turn creates room to use fewer switching elements. Therefore, the proposed converter structure is compact but fully functional by integrating fundamental converters utilizing the new time-sharing control method. Various applications that have a single DC input and multiple DC outputs along with energy storage can benefit from the proposed structure and control strategies. The fundamentals of the proposed circuits and the concurrent control concept are explained in detail. Then, the feasibility of the proposed approach is validated both by experiments and by simulations.
Single-inductor multi-output (SIMO) converters have been applied in a variety of application areas [1] such as microelec-
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tronic devices [2] , LED drivers [3] , portable electronics [4] , power amplifiers [5] , renewable energy systems [6] [7] [8] , and battery charging and UPS (uninterruptable power supply) systems [9] . The SIMO converter has the advantages of having fewer passive components and conversion stages, which can reduce size and cost [10] - [11] . For an uninterruptable power supply, energy storage (such as a battery) is required for various industrial applications. To manage the battery for charging and discharging behaviors, a bidirectional power conversion structure that has at least two switches is required [12] . In this paper, a unique converter structure has been proposed with triple outputs and a battery for an uninterruptable power supply. The proposed converter combines the fundamental SIMO structure and a bi-directional DC-DC converter while reducing the number of switches. A concurrent control scheme based on a time-sharing duty cycle is developed to minimize the number of switching elements. With the help of the concurrent control, the proposed converter structure can supply power to three output buses and manage energy VOLUME 7, 2019 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/ storage simultaneously, employing a smaller number of switching elements. The non-isolated multi-port converter structures that include energy storage typically have a DC source, a battery, and DC output buses [12] [13] [14] . Figure 1 (a) presents a conventional structure for three DC buses and a battery based on the fundamental structure reported in [15] . In this case, the circuit does not have a single stage and has four inductors and five active switches. Zhu et al. [8] presented a converter with a DC source, a battery, and a single DC bus with three inductors and three active switches. To have three DC-buses, this approach needs at least three inductors and five active switches. In [7] , a converter and control strategy for a single-inductor dual-input, dual-output structure is reported. With the structure in [7] , one input port and one output port are used for a battery having a total of five switches, including a freewheeling switch. For three DCbuses, at least seven switches are required. An improved topology is proposed in [6] for a DC source, a battery, and a single bi-directional DC bus with four switches and five diodes using a single inductor. For two more DC-buses, at least six active switches are required with the structure. In addition, a filtering capacitor is required for the battery, since in a certain mode, the diode (connected to the battery) current is discontinuous. In [16] , a three-port converter for 24 V and 48 V batteries and a high-voltage DC output is proposed. The converter employs five active switches, two inductors, and a transformer for two inputs and one high-voltage DC bus.
Among the converters with triple bus outputs reported in the literature, [17] has isolated topology for two different DC sources and a load employing two high-frequency transformers and three power electronics converters with a total of 14 switches. In [18] , a fundamental SIMO structure without an energy storage for three DC loads using four switches is reported. To employ an energy storage in the structure, additional switches are required. Two more switches are added on top of the fundamental structure [18] to improve pre-sub-period inductor-current control of a triple bus structure [19] . The structure has a total of six switches without energy storage. Wang et al. presented a converter structure [20] for dual inputs and triple outputs connecting a battery to one of the outputs for both the storage and regulation based on the fundamental SIMO structure, which is similar in fundamental operation to the proposed work. In [20] , a total of seven active switches are used.
The proposed structure employs a total of four switches to supply power to three DC buses and to control the charging and discharging behaviors of a battery. In this case, the existing approaches require separate DC-DC converters for three DC buses or use a transformer-based isolated multi-port converter, which increases size and complexity. The proposed converter has a single stage and employs only four switches for three DC buses and a battery while having the capability to create a continuous battery current in all modes of operation. The conventional structures require at least five switches and Converter structures for an input source, three DC-buses, and energy storage: (a) A conventional converter structure with three DC-buses and energy storage, which is derived from [16] based on independent DC-DC converters (assuming that
two inductors for the same functionality [12] , [19] , [21] . To keep the same functionality with a smaller number of switches, a switch pair (Q A and Q B switches in Fig. 1(b) ) structure that is derived from our research group's previous fundamental work [22] is employed. The switch pair in the proposed converter structure needs to offer multitasking to energize the main inductor (L m ) and to charge/discharge the energy storage concurrently. The proposed time-sharing duty cycle-based concurrent control can handle the multitasking control with fewer switching elements.
To make the proposed system perform well under highly dynamic loads, a voltage control structure that can create a linear transfer function has been investigated and applied to each output voltage control. On top of the voltage control structure, a concurrent control scheme has been developed based on the average voltages and currents of the passive circuit elements to spur the system to work while reducing a switching element. To create a concurrent control structure that is less sensitive to load variations, the average voltages and currents of the passive components along with the load currents have been used to formulate a main inductor current command. This control structure can create the linear transfer functions of three output voltage control loops while achieving concurrent control with a reduced switching element. A PSIM-based computer simulation has been performed to verify the feasibility of the system and control methods. In addition, an experimental setup has been built to validate the proposed circuits and concurrent control experimentally using Texas Instruments' F28335 micro-processor.
In the following sections, the proposed circuit structure and control strategies will first be explained in detail (Section II), followed by simulation (Section III) and experimental (Section IV) verifications under various operating conditions and loads, including DC and AC machine loads. Figure 1 (b) illustrates the proposed system structure. The system has a main inductor (L m ), two switches in a single leg (Q A and Q B ), and two additional switches (Q C and Q D ) with three DC outputs and energy storage.
II. PROPOSED SYSTEM STRUCTURE AND CONTROL STRATEGY
The switch pair (Q A and Q B ) should perform two tasks concurrently to manage both the main inductor energy for regulation of three output voltages and the energy storage charging/discharging operations. Based on the structure shown in Fig. 1(b) , a timing diagram is depicted in Fig. 2 according to the direction of the energy storage current at a balanced steady state (when V C1 > V C2 > V C3 ).
As shown in Fig. 2 , there is a shared time period (T ST ) for the Q A and Q B switches to manage the main inductor, L m . In Fig. 2(a) , the duty ratio difference, d Ad B produces a positive current of the L LS inductor to charge the energy storage. Conversely, d Bd A in Fig. 2(b) can create a negative current for the energy storage discharging. Based on the timing diagram illustrated in Fig. 2 , the voltages of the main inductor and second inductor (V L , V LS ) and the capacitor currents (I C1 , I C2 , I C3 ) are determined as presented in Table 1 . Figure 3 exemplifies the circuit behavior in each sub-mode of Mode 1 (battery charging) in Table 1 . The average current of the output 1 capacitor, I C1 , is formulated using Table 1 for the charging mode (I LS ≥ 0) as
where, d A ∼ d D are duty ratios of Q A ∼Q D switches; I L and I R1 are the inductor and load 1 currents. Equation (1) can be rearranged as
Similarly, the average capacitor currents, I C2 and I C3 are obtained as well. 
where, I LS , I R2 , and I R3 are the currents of the battery side inductor, load 2, and load 3, respectively. Since the average inductor voltage is zero in the DC steady state, the following steady state inductor voltage equations are formulated based on Table 1 .
where, V ds , V SC , V C1 , V C2 , and V C3 are voltages of the DC source; energy storage; and capacitor 1, 2, and 3, respectively. Then, the output DC-bus voltages at a steady state can be derived from (5) as
Based on (2)-(6), the inductor (main inductor) current command for mode 1 (I LS ≥ 0) is derived as
where,
To control the three DC output voltages, three PI controllers are employed. The PI controller is selected, since it is most widely adopted in industrial applications and easy to design under the proposed control structure. It should be noted that each voltage controller's output is a current reference value for each capacitor (I * C1 , I * C2 , I * C3 ), unlike traditional control loops, to have a linear transfer function. As shown in (10) and (11), the reference values of each average capacitor current replace I C1 , I C2 , and I C3 to formulate the inductor current command (I * L ). This is to create linear transfer functions for the outer control loops (voltage control) to avoid controller gain compensation for various operating conditions. The linear transfer functions for the voltage control loops are explained in a later part of this section. The main inductor current command is a function of the capacitor current commands (I * C1 , I * C2 , I * C3 ) from the voltage controllers and measured load currents (I R1 , I R2 , I R3 ) as shown in (10) and (11) . In this way, the proposed control structure can immediately handle highly dynamic loads minimizing the influence on each voltage controllers. In transient states, the average voltages of the inductors, V L and V LS , shown in (5) and (6) are not zero. Therefore, the outputs of the inductor current controllers, V * L and V * LS , are used to derive 182436 VOLUME 7, 2019 the desired duty ratios based on (5) and (6) .
Then, the following duty ratio equations which are based on (12) and (13) , and the other three equations, (2), (3), and (4), can derive the desired duty ratios, d * A , d * B , d * C , and d * D , for Mode 1 (battery charging). The derived duty ratios are summarized as follows (14) , as shown at the bottom of the next page: where,
Similarly, for the Mode 2 (discharging), inductor current reference and desired duty ratios are derived based on Table 1 . The resultant I * L and desired duty ratios are summarized as below. Figure 4 presents the proposed converter control structure based on (10), (14) , (17) , (18) , and (19) for charging and (20)-(24) for discharging. Each output voltage controller (PI controller) outputs a capacitor current command. Then, three capacitor current commands and load currents are used to create the main inductor current command (I * L ). This structure can create linear transfer functions for each output voltage control loops. In addition, the load changes are immediately reflected in the inductor current reference value. In this way, the controller can make the voltage control loops less sensitive under highly dynamic loads. Figure 5 illustrates the control loops of the DC-bus voltages to present their transfer functions. Because the average capacitor current commands are the outputs of the three voltage controllers, the control loops have linear transfer functions and are not directly correlated.
A control loop's transfer function (V C1 ) is exemplified as (25) using the block diagram in Fig. 5 .
In this case, the gain K p1 and K i1 can be calculated based on the natural frequency, ω n , and the damping ratio, ξ , as
III. SIMULATION STUDY
In order to verify the proposed converter circuits and the designed controller, computer simulations have been performed. Tables 2 and 3 present the parameters of the proposed converter and the loads used both for simulation studies and VOLUME 7, 2019 for experiments. In addition, Table 4 presents the prototype converter components used for the experiments. The proposed converter circuits are assumed to operate in continuous-conduction-mode (CCM). For the simulation studies and experiments, 24 V, 18 V and 12 V are selected as nominal DC bus voltage reference values to test the circuit topology and control strategy. The prototype converter for the experiments is over-designed for various testing purposes (especially the passive components). Figure 6 shows the simulation result presenting a step response when a voltage reference value and a discharging current reference value are step changed.
Initially, three output buses are regulated (at 24 V, 18 V, and 12 V) with a 14.8 V input voltage and resistive loads (12 , 9 , and 6 ) . The voltage commands are step changed to 30 V, 24 V, and 18 V and then are changed back to 24 V, 18 V, and 12 V. After the step voltage command changes, the reference value of charging current is step changed at 1.2 sec. On the contrary, Fig. 7 shows the system response when a discharging current reference value is step changed (0 A to −1.6 A at 1.5 sec). Figures 6 and 7 indicate reasonably good system response under the step voltage and charging/discharging current commands. The second inductor is oversized (2 mH) for various testing purposes. It can be reduced to save cost and size. Figure 8 presents an exemplary simulation result with a smaller second inductor (0.5 mH). It is seen that the voltage regulation is not influenced much, with a slightly higher current ripple. Figure 9 presents the control response when the V C1 bus load has a sharp change. For this load change, a variable resistor is used for the V C1 bus. A 24 load resistor for the V C1 bus is changed to 8 at 0.5 sec and changed back to 24 at 1 sec. The controller based on the time-sharing duty ratio can maintain the output voltages at a given value and endure
182438 VOLUME 7, 2019 the step changes without significant perturbations. Throughout Figs. 6-9, the feasibility of the proposed converter and controller is verified with resistive loads. Figure 10 presents the system response with DC motor loads. In this case, a 24 V DC machine is loaded through the V C1 bus and another 24 V DC machine (with the same specifications) is connected to the V C2 bus (this motor is operating at up to 75% of the rated power since the bus voltage is regulated at 18 V). A 12 V DC machine is loaded through the 12 V output. Between the DC motor and the DC-bus, a simple on/off switch is connected in series to observe the control performance when the DC motor is suddenly started. Since a PWM (pulse width modulation) controller is not used for the DC machines, a large starting current will flow, and hence this motor starting can be considered as a highly dynamic load test. As shown in Fig. 10 , three DC motors are sequentially started (12 V output → 24 V output → 18 V output) to observe the system response. After starting the three DC motors, the battery charging current command is step changed at 1.25 sec. The proposed concurrent control can maintain the three output voltages at a given value without significant perturbations while three DC motors are sequentially starting, and the battery is being charged following a given commanded value properly. To further verify the system response, three-phase permanent magnet AC (PMAC) motors (with inverters) are connected to each output port. Figure 11 presents the charging behavior with two 24 V PMAC motor loads (one is for the 24 V bus and the other is for the 18 V bus using up to 75% of the rated motor power).
A resistor (12 ) is loaded to the 12 V bus side. Two PMAC motors are run at different speeds (1,000 rpm and 500 rpm) and the battery charging current command is step changed (0 A → 2 A) at 0.5 sec. There are no significant perturbations nor unstable operations.
IV. EXPERIMENTAL VERIFICATION
The proposed circuit structure and control scheme are validated experimentally as well by building a prototype test-bed employing a TI (Texas Instruments) F28335 micro-processor. For the prototype test-bed, a 20 kHz switching frequency has been adopted to make the control scheme work with any switching device including IGBT switches. A 7.4 V battery (lithium-ion polymer) has been used as energy storage for experiments. The experimental setup is shown in Fig. 12 . Figure 13 illustrates the DSP software flow chart for the control structure. Figure 14 presents step voltage responses of the three DC output voltages with resistive loads. Initially, three DC output buses are regulated (at 24 V, 18 V, and 12 V) with a 14.8 V DC input.
Then, three voltage commands are step changed to 30 V, 24 V, and 18 V followed by the step-down voltage commands (back to 24 V, 18 V, and 12 V). The bottom waveform presents the charging current waveform which is step changed from 0 A to 1.6 A. Figure 15 presents the experimental result to show a response of a step discharging current. A step discharging current command (0 A → -2 A) has been given to observe Step response with a reference value change of the discharging current. CH1-CH3: Output 1, 2, and 3 voltages, 18V/division; CH4: Battery current, 2 A/division. the system response while regulating three output voltages. Similar to the simulation study, the system responded well against the step change. Figure 16 shows the circuit response when an output load is step changed. The output 1 voltage (V C1 ) is controlled at 24 V and the load resistance connected to the output 1 is step changed from 24 to 8 to observe the system response while the energy storage (battery) is being discharged. Figure 17 presents the system response when DC motor loads are applied. Three DC motors (two 24 V DC motors and a 12 V DC motor) are connected to the three DC buses. The 24 V DC machines are loaded through the 24 V bus and the 18 V bus (using up to 75% of the rated power), and the 12 V DC machine is connected to the 12 V bus.
To observe the system response, the DC motors are sequentially started (12 V bus motor → 24 V bus motor → 18 V bus motor). After completion of the motor starting, the battery charging current command is step changed from 0 A to 1.6 A. The scope has only four channels and hence the V C3 voltage, which has a less perturbation than V C1 and V C2 , is not displayed (the simulation study presented all three voltages). Figure 18 shows the system response with two DC motors in discharging mode. Two DC motors are sequentially started (24 V bus motor → 18 V bus motor) and then the battery discharging current is step changed (from 0 A to -1 A). Figure 19 presents the experimental results with two PMAC motors (with three-phase inverters). One of them is loaded through the 24 V DC bus (regulated at 2,000 rpm) and the other one is connected to the 18 V bus (controlled at 1,000 rpm).
The power and speed of the 24 V PMAC motor connected to the 18 V bus are limited up to 75% of the rated power and speed. The 12 V bus is loaded with a resistor load. The battery current's reference value is step changed (for charging) while regulating two PMAC motors as presented in Fig. 19 . Figure 20 shows the experimental waveforms during a battery discharging with a sharp motor load change (25% load to 50% load). During the transient, the system maintains the bus voltages well based on the concurrent control scheme. The battery charging current is regulated at 1.6 A for this testing. The scope provides only four channels and hence the charging current and the V C3 voltage are not displayed.
Through Figures 14-20 , the feasibility of the proposed converter and control is verified experimentally. Figure 21 shows the measured efficiency of the prototype converter. It can be seen that higher efficiency has been obtained when power is supplied from the DC input and the battery to the load ports (Mode 2). It should be noted that there is still room to improve the efficiency since the first prototype is slightly over designed for various testing purposes.
Both the computer simulation and the experiments validate the effectiveness and feasibility of the converter circuits and concurrent control scheme using the time-sharing duty cycle. The proposed conversion circuits and controller can be used for applications that include an energy storage device in a SIMO configuration. Table 5 presents a cost comparison for active switches and inductors used for four different approaches, assuming that the converters have three DC-buses, a DC input, and a battery. The comparison indicates that the proposed approach is a cost-effective solution for a converter with multiple buses and energy storage.
V. CONCLUSION
A triple-output power conversion structure with an energy storage device that reduces the number of switching elements has been introduced in this paper. A concurrent control strategy based on a time-sharing duty cycle of a paired switch has been proposed and explained. This system structure can eliminate one switch to save cost while not sacrificing the converter's basic functionality. The operating principles of the converter circuits and the control strategy were validated both by PSIM simulations and by a prototype experimental setup that includes TI's F28335 micro-controller. The proposed approach can be applied to solar, wind, and fuel cell energy systems that require multiple DC outputs with energy storage. In addition, it can be applied to a portable electronic device that has a DC input (from a power adapter) and energy storage to supply power to multiple DC loads, including motor loads such as optical disc drives.
